Typical human gut flora has been well characterized in previous studies and has been noted to have significant differences when compared with the typical microbiome of various disease states involving the gastrointestinal tract. Such diseases include Clostridium difficile colitis, inflammatory bowel disease, functional bowel syndromes, and various states of liver disease. A growing number of studies have investigated the use of a fecal microbiota transplant as a potential therapy for these disease states.
Typical human gut microbiome
The human gastrointestinal (GI) tract is estimated to be colonized by hundreds of bacterial species: microbiota associated with facilitating digestion, aiding in the provision of nutrition, defense against pathogens, and the development and maturation of the colonic epithelium [1] [2] [3] . The typical microbiota appear to vary mildly in composition for each individual; however, some generalizations have been noted. Various phyla of Firmicutes make up the majority of the microbiota in the human gut, observed to be about 40% to 70% [1] [2] [3] [4] [5] . These bacteria are a collective, largely composed of various Clostridium strains, Fusobaceterium strains, fecal bacterial strains, and other various genera [1] [2] [3] [4] [5] . Also common, though seen less frequently than the Firmicutes, are the Bacteroidetes phyla, with an estimated prevalence of approximately 25% [1] [2] [3] [4] [5] [6] . It is worth noting that there does appear to be some variability of microbiota among different ethnic groups. A Tanzanian population was observed to have significantly lower Bifidobacterium and enrichment in genera such as Prevotella and Treponema when compared with an Italian population [7] . A similar paper demonstrating microbiota variability between Western and Eastern populations reported significantly different population size and prevalence of Bacteroidetes in a Belgian population compared with Japanese [8] . Other studies have demonstrated differences between countries within the same continent, such as a 2015 study demonstrating significant variability in Bacteroidetes species in groups of Asian schoolchildren of different nationalities, and noted similar profiles between groups with comparable dietary profiles [9] . The varied response to fecal microbiota transplantation (FMT) may in part be explained by ethnic heritage and diet. Overall, however, alterations in the ratio of these groups appear to be associated with various disease states [1] [2] [3] . There is an observed "healthy" or "normal" balance between these majority phyla, changes in which are associated with pathological states in a variety of disorders including C. difficile colitis, inflammatory bowel disease (IBD), functional bowel disorders, and several liver diseases [1] [2] [3] [4] [5] [6] 10] . Changes in the microbiome may be induced by a variety of factors. A 2015 study utilized pyrosequencing to quantify changes in the microbiota of healthy patients receiving clindamycin, ciprofloxacin, and a placebo over 12 months [2] . Overall species diversity decreased in groups receiving either antibiotic, though not in the placebo group. It warrants notice that microbiota appear to remain stable over time in healthy patients, suggesting that changes in the microbiome observed in the disease states to be discussed may be influenced by interventions undertaken by clinicians for those pathological states. A growing number of studies have been conducted utilizing FMT from a healthy human donor in the treatment of several gastrointestinal disorders, and assessing the clinical response and potential therapeutic use in those disease states.
Clostridium difficile colitis
The incidence of Clostridium difficile (C. difficile) infection (CDI) has been on the rise, with populations at higher risk including patients receiving chemotherapy, those with a history of solid organ transplant, and patients with IBD [11] . Beyond the rising prevalence, its marked recurrence rate necessitates consideration of alternate treatment modalities, particularly in the aforementioned higher risk populations. Studies have demonstrated that anywhere from 10% to 20% develop recurrence within 8 weeks of receiving treatment, and further recurrence in 40% to 65%, suggesting that repeat episodes become more likely with each recurrence [12, 13] . While fidaxomicin, an antibiotic with essentially no absorption from the GI tract and demonstrated to disturb the normal gut flora less than vancomycin has been utilized with success in cases of recurrent CDI, its effectiveness has been noted to decrease dramatically with further recurrences [14] . FMT is hypothesized to treat CDI by North Clin Istanb 80 restoring normal gut flora, which compete with C. difficile for nutrients [15] . Multiple studies have demonstrated remarkable effectiveness of FMT in cases of recurrent CDI, perhaps due to the observed sustained restoration of the normal microbiota [16, 17] . The loss of normal flora appears to modulate normal bile salt metabolism, which has an effect on the germination of C. difficile spores [18] [19] [20] [21] [22] [23] [24] . One study involving FMT and CDI utilized nasoduodenal (ND) delivery of FMT, and 81% of patients with recurrent CDI experienced resolution of symptoms, compared with 31% who received oral vancomycin [25] . Since that time, endoscopic delivery of FMT has been utilized with similar rates of success; however, a more efficient delivery of FMT has since been explored [26, 27] . Oral capsules have been formulated that demonstrate a similar efficacy. One study assessing capsules used in 20 patients with recurrent CDI observed that 70% of the patients experienced resolution of symptoms, and another 4 patients (20%) experienced resolution after a second round of treatment [28] . A significant number of studies over time have demonstrated the reproducibility of these studies, with a 2015 meta-analysis noting 34 case studies of FMT demonstrated 90% to 97.8% resolution of diarrhea after treatment [29] (Table  1) . A total of 21 of the 34 studies performed follow-up to evaluate relapse of disease and it was determined that 80.9% demonstrated no recurrence of symptoms, though the range of 46% to 100% demonstrates some variability in findings, likely attributable to variations in the mode of delivery and patient characteristics, such as age and severity of disease at presentation. Given that professional society guidelines already indicate FMT is an option in patients with refractory CDI, further studies are needed to assess the relative safety and cost effectiveness of each FMT mode of delivery to determine the optimum medium of administration and to potentially avoid the necessity of surgical intervention and improve mortality rates [30, 31] . [40] . Another 2015 meta-analysis, however, found a significantly greater response in UC patients versus CD patients [29] . The variability in response to FMT in UC patients was wide, however, ranging from 0% to 68%. Furthermore, it appears that only 6 patients with CD were included in this meta-analysis, suggesting insufficient evidence in this particular analysis to comment on the response to FMT in CD patients. More recent studies demonstrate similarly mixed results, with a generally more positive outlook regarding FMT in IBD. One 2015 randomized control trial (RCT), the first published regarding FMT and IBD involving UC patients, demonstrated that 9 of 38 patients (24%) experienced clinical remission with the use of an FMT enema, compared with 2 of 37 who were given a water enema placebo. A positive outcome was defined as a Mayo score of less than 3 and an endoscopic Mayo score of 0 at 7 weeks following 6 once weekly enemas [41] . Some interesting observations among the group of FMT recipients with positive outcomes were noted. The first was an inverse association between disease length and positive outcome, with 3 out of the 4 patients in the experimental arm who had the disease for only 1 year entering into clinical remission. In addition, greater microbiota diversity was observed in the FMT group compared with the control group. Also of interest, the microbiota of patients in the experimental group with a positive outcome had shifted toward greater similarity to that of the donor stool. Another RCT published in 2015 utilized 2 ND infusions of FMT 3 weeks apart versus autologous stool infusion in 48 UC patients with mild to moderately active disease and no significant difference between the groups was found when assessing clinical remission over a 12-week period [42] . Consistency with the aforementioned 2015 study is observed, however, as the microbiota of the responders did shift to more closely resemble donor microbiota in that arm of the trial. A third RCT, the Faecal Microbiota Transplantation in Ulcerative Colitis (FOCUS) trial, included 85 UC patients with active UC and assessed clinical and endoscopic remission in a comparison of FMT by colonoscopy followed by FMT enema 5 days per week for a total of 8 weeks and a placebo. A remission rate of 27% (11/41) was observed in the FMT group versus 8% remission in the placebo group [43] . Patients from the control group later received the FMT regimen as an extension of the study, and 27% (10/37) experienced clinical remission. Of interest, each FMT was prepared with stool from 3 to 7 unrelated donors. These results suggest some promise regarding the use of FMT for the treatment of IBD, although further research assessing various delivery modalities in both CD and UC appears warranted. The disparity of results among the aforementioned cases may be explained by the route of FMT administration in the second 2015 study, suggesting that perhaps ND infusion is an inferior method of delivery in patients with UC when compared with endoscopic delivery or enema in this population. Furthermore, as more data are gathered regarding an appropriate donor profile, studies like the second 2015 RCT may yield more positive data with a different donor source. What is striking regarding reviewing these studies is the lack of any RCT evaluating CD, which is underrepresented in FMT literature. Recent publications, including case series and prospective cohort studies, reviewing the utility of FMT in IBD patients unresponsive to immunosuppressive therapy included CD and offer some promise in this regard. These studies, as well as the RCTs mentioned, are summarized in Table 2 . Case reports from 2013 and 2014 detailed individual patients with refractory CD who underwent FMT with subsequent clinical remission [44, 45] . A 2015 prospective study assessed 9 patients with a mild to moderate Crohn' s Disease Activity Index score who received FMT via nasogastric tube (NGT) and were followed for 12 weeks [46] . Seven of the 9 patients had an improved Pediatric Crohn' s Disease Activity score at 2 weeks, and 5 remained in remission at 12 weeks. Levels of erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and fecal calprotectin decreased over the measured 12 weeks. Another prospective, uncontrolled study followed 30 Crohn' s patients with a Harvey-Bradshaw Index score of >7, indicating severe disease, treated with a single NGT-administered FMT [47] . Twenty-six of the 30 patients were observed to be in clinical remission 1 month after receiving FMT. Furthermore, 30 patients with refractory UC who received endoscopically delivered FMT to the proximal ileum were followed in a recent prospective, uncontrolled study. A colonoscopy was repeated 12 weeks later, and Mayo scores calculated pre and post treatment were compared. A total of 21 patients experienced improved clinical symptoms, and 13 experienced clinical and endoscopic remission [48] . In addition, a recent prospective study assessed 14 patients with steroid-dependent UC who received FMT via NGT administration. Mesalamine was continued in these patients. Eight patients demonstrated clinical improvement and at least temporarily discontinued prednisone. Five of these patients received FMT once, 1 received FMT twice, and the other 2 patients followed a prednisone dose tapering regime in addition to a second FMT. At 18 months, 4 patients had maintained clinical remission. Microbiota analysis was performed on all patients pre and post FMT. It was noted that the best response was seen among patients whose microbiota appeared to be restructured most similarly to that of the donor FMT [49] . As mentioned above, donor selection appears to be an important factor in inducing remission. Also noted was the great diversity of modes of delivery of FMT in IBD. More research in this area is needed to determine the optimal delivery modality.
Functional bowel syndromes
Functional bowel syndromes are broadly defined disorders with variably characterized abdominal pain and altered bowel frequencies; the prevalence is estimated to be about 15% [55] . Lachnospiraceae, and Enterobacteriaceae [56] [57] [58] [59] [60] [61] . A 1989 prospective cohort study evaluated 55 patients receiving FMT via enema and 36% achieved resolution of symptoms, 6 patients reported partial relief, and the remaining 60% noted no change in symptoms [38] . As the study did not attempt to exclude existing C. difficile infection nor patients with IBD, it is unclear to what extent FMT alleviated symptoms for patients with properly defined functional bowel disorders. A 2009 metaanalysis of 23 trials utilizing probiotics in patients with established IBS demonstrated a significant improvement in symptoms, prompting further investigation of altering gut microbiome to alleviate IBS symptoms [62] . A 1995 cohort study involving 45 patients with chronic constipation symptoms underwent FMT via colonoscopy and subsequent FMT via enema and 89% reported relief of pain and frequency in defecation [63] . A prospective cohort study conducted the same year evaluated patients with IBS with constipation and found overall improvement in mean bowel movements per week in 24 patients who received FMT via nasojejunal tube (NJT) followed for 12 weeks [64] . A more recent 2016 prospective cohort study followed 24 patients with chronic constipation receiving FMT via NJT for up to 12 weeks and determined that there was an improvement in the mean number of stools per week from 1.8 to 4.3 [65] . A 2017 study of mice receiving FMT from IBS with diarrhea patients demonstrated faster gastrointestinal transit, intestinal barrier dysfunction, innate immune activation, and anxiety-like behavior when compared with controls, suggesting that one' s microbiota may impact bowel habits, as well as suggesting a potential side effect of FMT [66] . Given these observations, FMT appears promising as a potential therapy for functional bowel disorders (Table 3) .
Cirrhosis, hyperammonemia, and chronic hepatitis
Hyperammonemia and hepatic encephalopathy have long been associated with each other and with a worsening prognosis in cirrhosis. Recent evidence demonstrates FMT may be capable of replacing urease-producing bacteria in human gastrointestinal tracts with a metabolically different population and mitigating the symptoms of altered mentation. It is worth noting early that mammalian genes do not encode for urease; ammonia is a result of metabolism via bacterial urease. Ammonia is then either reabsorbed or excreted fecally [67] . In a 2014 randomized control study, FMT with low urease activity was administered to mice via a bacterial slurry [68] . Significantly reduced fecal ammonia levels were observed in the experimental group after FMT. Also, no urease activity was observed in pellets from mice colonized from the FMT group, a response that was sustained for at least 80 days.
Fecal ammonia levels were lower in FMT mice than in control mice treated with a low protein diet alone. After documentation of the above measurements and completion of this arm of the study, hepatic injury was then induced in the same groups using thioacetamide (TAA). The mice that had undergone FMT had lower fecal ammonia levels as well as reduced mortality after infusion of TAA. To assess dose response, lower concentrations of TAA were also introduced in progressively increasing doses over 7 weeks at a point 3 weeks from initial FMT. The mice in the FMT group were observed to have a lower mortality rate during this period, though fibrosis was observed in both arms, suggesting a potential hepatoprotective effect of FMT. A 2015 case report reinforced this conclusion [69] . This case report described a 57-year-old male with cirrhosis secondary to both al- In this regard, recent hepatitis B (HBV) research suggests an opportunity for the use of FMT to clear viral hepatitis and consequently avoid later complications such as encephalopathy. Mice aged 6 to 12 weeks and inoculated with HBV did not clear the virus in the youngest group after administration of antibiotics intended to sterilize the GI tract [70] . Mice of equivalent age with mutations rendering them unable to respond to these same antibiotics, however, cleared the virus rapidly. A 2015 prospective cohort trial analyzed 5 patients with chronic HBV and the serum hepatitis B virus e antigen (HBeAg) who received endoscopically administered FMT for a period of up to 7 weeks [71] . The recipients' microbiota were analyzed after each treatment and became increasingly similar to that of the donor. A reduction in HBeAg titers was noted after each treatment. Two patients achieved clearance after 1 treatment, another achieved clearance after a second treatment. A fifth patient left the trial after the first 4 treatments. Thirteen control patients were included, none of whom demonstrated any change in microbiota composition or reduction of serum HBeAg. Therefore, FMT may function as a potential immunomodulator and may perhaps be used to treat chronic HBV. Further trials are needed to evaluate the potential role of FMT for etiologies of viral hepatitis.
Primary sclerosing cholangitis
FMT also may be useful for treating primary sclerosing cholangitis (PSC). Chronic cholangitis has been hypothesized to develop secondary to endotoxin production or secondary to microbial metabolites, progressing in time to clinically evident PSC [72] [73] [74] . Consequently, altered microbial diversity or metabolism is hypothesized to produce a pathological cholangiocyte response, resulting in inflammation or apoptosis, and perhaps affecting the cell' s ability to respond appropriately to injury over time [4, 6, 74] . Metabolites, such as lipopolysaccharide, lipoteichoic acid, and various DNA fragments of bacterial organisms have been observed in the bile, cholangiocytes, and portal tracts of patients with cholestatic liver disease [4, 5, 72] . Evaluation of the relative microbiome diversity of patients with PSC, PSC and concomitant IBD, as well as healthy control patients yielded generally complementary results, demonstrating significantly reduced Clostridium strains in patients with PSC [75, 76] . Also observed in patients with PSC who lacked markers for IBD was an overall decreased diversity of microbiota and an increased presence of Lactobacillus, Enterococcus, and Fusobacterium compared with controls [77] [78] .
Given this information regarding an altered microbiome in PSC patients, FMT may have a therapeutic role in this disease state. Two publications lay additional groundwork for such a hypothesis. One prospective study documented improved alkaline phosphatase (ALP) levels in PSC patients treated with a low dose of vancomycin, thought to be secondary to subsequent alterations in these patients' microbiota [74] . There is also a case report of 1 PSC patient who had previously undergone liver transplantation who had an improvement in ALP after administration of vancomycin [80] . While this is a small group of patients from which to draw conclusions, FMT appears to be an alternative means to achieve a shift in fecal microbiota. It has previously been hypothesized that probiotics may be able to play a similar role in PSC, though a variety of studies suggest no consistent and clear consequence of their use, likely secondary to a variety of treatment durations and varying compositions of probiotics [81] . FMT may more easily and directly affect microbiota than probiotics in PSC. A recent clinical trial at Brigham and Women' s Hospital in the USA evaluated the impact of FMT in PSC patients. The study' s primary outcome measures include genotyping and a comparison of recipient microbiota before and after FMT in addition comparison with the donor' s microbiota. Liver chemistry was measured over 3 months, with success defined as a 50% reduction in the levels of ALP, alanine transaminase, aspartate aminotransferase, and total bilirubin. This study concluded in April 2017 [82] .
Safety considerations in fecal transplantation and thoughts on future application
The aforementioned meta-analyses, especially regarding CDI and IBD, do note infrequent cases of flares requiring hospitalization and, in 1 case, colectomy [83, 84] . Given the altered microbiota in various disease states, it is worth noting that FMT donor stool is tested for multiple infectious diseases, including HIV and HCV, as well as screened for recent use of antibiotics, immunosuppressant medication, or the presence of metabolic or malignant disease [29, 83] . In the future, the sequencing of donor stool before transplantation may be considered, as further data are collected demonstrating the "typical" microbiota of previously successful FMTs.
A legitimate concern cited by many authors has been inducing systemic infection with the introduction of a foreign microbiome into the GI tract of patients, and particularly immunosuppressed patients [29, [83] [84] [85] [86] [87] . Based on the previously discussed studies utilizing FMT in patients taking immunosuppressive drugs, such as IBD patients, a potential future use of FMT involves graft versus host disease (GVHD) of the lower GI tract. Given the previously noted dysbiosis associated with GVHD with lower GI tract involvement, 1 observation study of the use of FMT in such cases noted 2 trials of FMT in refractory CDI patients with a history of solid organ transplant who experienced no post-transplantation-related infection, though cases of aspiration were noted [88, 89] . In this study, 3 patients with GI-involved GVHD and dysbiosis demonstrated by fecal genotyping received endoscopic FMT on a weekly basis, and 2 patients demonstrated reconstituted microbiota and improved symptoms at 8 and 9 weeks [85] . The third patient did not achieve remission, though this patient' s microbiota did appear to be briefly reconstituted and there was improvement in diarrhea before relapse. A separate 2016 case series involving 4 patients with steroid-refractory or steroid-dependent gut-involved GVHD also observed clinical remission in 3 of the 4 cases after use of FMT [89] . Cumulatively, while only 7 patients have been reported on, this is yet another disease that appears to be amenable to FMT.
A review of the data regarding FMT suggests that earlier application of FMT may potentially lead to more successful interventions. For instance, the aforementioned GVHD cases were all steroid-dependent or refractory cases. Studies involving GVHD at the time of diagnosis may provide more insight on the ability of FMT to be a successful intervention. Similarly, as discussed earlier, patients with a more recent IBD diagnosis who underwent treatment with FMT appeared to generally have a relatively greater chance of a positive outcome. Regarding the safety profile, known adverse effects of FMT are cramping and nausea [29, 83, 84] . In terms of serious adverse effects, there have been instances of IBD flares reported in patients with IBD and CDI treated with FMT. While these studies document overall improvement in patients' clinical status following FMT, a minority of patients has experienced this complication. One 2014 retrospective uncontrolled study utilizing endoscopically delivered FMT resulted in an overall cure rate of 89%; however, 5 patients experienced disease flare [88] . Another 2016 cohort study followed 67 IBD patients with CDI, and 2 experienced IBD flare after FMT [90] . One 2016 case report documented what appears to be the first case of flare of extra-intestinal CD manifestations after endoscopically delivered FMT for CDI [91] . It is unclear why IBD patients may be at risk for flares after FMT, although a 2014 case report demonstrated documented bacteremia after FMT, leading to the hypothesis that transient bacteremia may result in altered intestinal permeability resulting in a flare [92] . One 2013 case report documented the case of a UC patient in clinical remission for 20 years who developed a flare of the disease after successful treatment of CDI with FMT [93] . Development of diffuse arthralgia with photographed erythema nodosum, as well as a concurrent increase in ESR and CRP levels, was successfully treated with prednisone.
A great deal of heterogeneity is seen regarding the delivery modality of FMT. Given that oral medications are cheaper than endoscopic intervention, it appears sensible that treatment utilizing this mode of delivery has historically been the initial approach. As we have demonstrated in this review, there are oral formulations of FMT which can be used safely in conjunction with the classic firstline treatments for the previously discussed disorders, and possibly augment the effectiveness of those treatments. Furthermore, a direct comparison of the different modes of delivery of FMT has not been performed in a single clinical trial. While oral formulations may be cheaper, it may ultimately be more cost effective to utilize nasoenteral or endoscopically delivered FMT should the initial response to these relatively higher risk modalities be sufficiently greater. Nasoenteric administration is minimally invasive; however, it comes with an increased risk of aspiration and emesis. Endoscopic administration has the advantages of direct visualization of the GI tract; however, there are the standard risks of sedation and procedural intervention, in addition to the higher cost of performing the procedure. Oral capsules prepared from stool are the least invasive; however, less evidence is available regarding effectiveness. Previously, fresh stool was thought to be necessary for successful transfer, but recent studies demonstrate no loss of efficacy using capsules prepared from frozen stool when compared with those prepared with fresh stool [25, 94, 95] . The relative safety profile of fresh versus frozen FMT oral capsules has not been thoroughly characterized.
In any case, standardization of FMT practices will certainly be necessary. As such, the American Gastroenterology Association is creating a national FMT registry, a consortium of case reports and studies with the goals of serving as an efficient and comprehensive database of current research on FMT and providing the ability to discuss areas in which further research is warranted [96] . Ultimately, further investigation regarding the effectiveness and appropriate timing of FMT for the disorders discussed appears not only justified, but promising, as well.
